Intercropping systems have been implemented in many parts of the world due to their beneficial 25 effects on yield and biomass. In intercropping systems, changes in plant growth are usually 26 related to variations in root distribution and phosphorus (P) levels, however, root distributions 27 and root tendencies are difficult to study, as root systems grow beneath the soil surface. 28 Therefore, we have a relatively poor understanding of the relationship between plant root 29 interactions and plant growth in intercropping systems. In this study, a custom apparatus 30 consisting of a transparent manual root box was used to observe intact root systems in situ. We 31 investigated how root distribution and root tendency changed in a tomato/potato onion 32
INTRODUCTION
onion variety that is widely cultivated in northeastern China and is a good companion plant for 81 tomato. In many previous studies, intercropping of tomatoes and potato onions has been shown 82 to increase tomato quality, alleviate tomato Verticillium wilt and improve soil quality by altering 83 soil enzyme activities and microbial communities (Fu et al., 2015 (Fu et al., , 2016 Liu et al., 2014; 84 Tringovska et al., 2015; Wu et al., 2013 Wu et al., , 2016 . However, we know little about how the roots of 85 these species interact when tomato plants are intercropped with potato onion plants, and in 86 particular, it is unknown whether distinct root architectures appear when the intercropping plants 87 respond to different P levels. In the present study, we used a custom apparatus consisting of a 88 transparent manual root box to observe the root system in situ in a non-destructive manner. We 89 tested how root distributions and root tendencies changed in tomato/potato onion intercropping 90 systems with no P added or 120 mg·kg -1 P added. We measured changes in tomato plant growth 91 and analyzed how plant interactions affected cropping patterns and P levels. We hypothesized 92 tomato plants under both P application treatments. 116
The root tendency of plants neighboring the same species was more strongly influenced by P 117 level. In the no P added treatment, the RLD areas of the potato onion and tomato were not 118 intermingled when neighboring the same plant species ( Fig. 1D and F) . By contrast, for the 120 119 mg·kg -1 P added treatment, the RLD areas of potato onion plants neighboring the same species 120 ( Fig. 1J ) were markedly intermingled, whereas the RLD areas of tomato plants neighboring the 121 same species (Fig. 1L ) were clearly separated. 122 123
Root weight density distribution 124
The root weight density distribution is shown in Fig. 2 . Under the no P added and 120 125 mg·kg -1 P added treatments, the 0.2 g kg -1 soil root weight density (RWD) contour of the 126 intercropped tomato plants ( Fig. 2A and G) occupied a deeper soil layer than that of the tomato 127 monoculture, and under the no P added treatment, the RWD of the tomato plants was higher than 128 in the monoculture. The 2 g/kg soil RWD contour distribution of potato onion plants ( Fig. 2B  129 and H) was distributed in a narrower area than in the monoculture ( Fig. 2C and I) , and the RWD monoculture. Additionally, the root tendency of the potato onion plants neighboring the same 142 species was opposite to that of the tomato roots: under the no P added treatment, the root areas of 143 the potato onion plants neighboring the same species were separated, whereas under the 120 144 mg·kg -1 P added treatment, the roots were significantly crossed. 145 146
Root tendency in root boxes 147
Image data were obtained on the 12th day after transplantation (sampling time was tested in 148 our previous experiment to ensure that the roots of two plants in one box remained uncrossed). 149 Fig. 3 shows how the root architecture was affected by neighboring plants under the no P added 150 treatment in the root box. In P0MT1 (one tomato plant in monoculture) and P0MO1 (one potato 151 onion plant in monoculture), the roots of tomato plants and potato onion plants were distributed 152 evenly. In the other combinations, the roots were unevenly distributed to a significant extent. In 153 P0I (the tomato/potato onion intercropping system), the tomato roots avoided the potato onion 154 roots significantly, whereas the potato onion roots spread laterally under the tomato row. In 155 P0MT2 (two tomato plants in monoculture), the roots of the two tomato plants were clearly 156 crossed, whereas the potato onion roots avoided other potato onion roots in P0MO2 (two potato 157 onion plants in monoculture). 158
For the 120 mg·kg -1 P added treatments ( Fig. 4) , the root distributions for the different 159 treatment combinations were different from those under the no P added treatments. In PMT1 160 (one tomato plant in monoculture) and PMO1 (one potato onion plant in monoculture), the onion roots, whereas the potato onion roots spread in a nearly uniform distribution. In PMT2 164 (two tomato plants in monoculture) and PMO2 (two potato onion plants in monoculture), the 165 root tendencies of the tomato plants and potato onion plants exhibited opposite trends to those 166 under the no P added treatment; in PMT2, the tomato roots avoided intermingling, whereas the 167 potato onion roots showed no significant trend. 168 169
Root percentage distribution in root boxes 170
Consistent with Figs. 3 and 4, the distribution of the root percentage is shown in Fig. 5 . In 171 the tomato/potato onion mixed culture, the tomato root length percentage of P0IT in space 2 was 172 significantly higher than in PIT, and the tomato root length percentage of P0IT in the 6-9-cm 173 spaces was lower than in PIT, indicating that tomato roots avoided potato onion roots more 174 clearly than under the no P added treatment. In the P0MT2 treatment, the root length percentage 175 in the middle area was higher than on the two sides, with horizontal distance 16-cm showing the 176 highest percentage. In PMT2, the root length percentage was higher in horizontal distance 2-6-177 cm and 24-28-cm than in 12-18-cm. Specifically, when tomato plants were intercropped with 178 the same species, their root growth trend was related to the P level, with the roots crossing under 179 the no P added treatment, whereas they clearly avoided one another under the 120 mg·kg -1 P 180 added treatment. 181 Fig. 5 shows that the root length percentage of potato onion plants in P0IO was higher on 182 the left than on the right, and the root length percentage in horizontal distance 10-18-cm was 183 higher than in PIO. In PIO, the potato onion roots were distributed evenly on both sides, 184 revealing that the potato onion roots tended to extend towards the tomato roots when the species 185
were intercropped under the no P added treatment, although this trend was not significant under 186 the 120 mg·kg -1 P added treatment. In P0MO2, the root length percentages on both sides (2-4-cm 187 and 26-28-cm) were higher than in the middle zone (12-18-cm), whereas in PMO2, there was no 188 obvious trend. In other words, when potato onion plants were intercropped with the same species 189 under no P added treatments, the roots avoided mixing, whereas there was a less obvious trend 190 under the 120 mg·kg -1 P added treatments. All of these data are consistent with the results at its maximum and roots do not overlap in a wheat/faba bean intercropping stage, then 242 competition between the two crops for water and nutrients can be reduced, resulting in higher 243 yields for both species. In our intercropping system, the root action of tomato plants was 244 consistent with that observed for this previous study, and under a nutrient-deficient conditions, 245 the roots opted to decrease their overlap and decrease their competition with potato onion plants. 246
In our analysis of root tendency, when the tomato and potato onion plants were planted with 247 their same species, the reaction of the roots was more closely related to the P level. The roots of 248 the potato onion plants were clearly separated from those of their same-species neighbors under 249 no P added treatment, which appeared to aid in avoiding competition and improving survival of 250 the species, whereas no obvious root tendency was observed in the absence of P stress. However, 251 the tomato roots intermingled with one another under the no P added treatment, possibly 252 allowing them to compete for more resources, whereas the roots clearly avoided intermingling 253 under the 120 mg·kg -1 P added treatment, possibly to avoid competing for resources. Cheplick 
Experiment 1: Tomato/potato onion mixture in pots 293
The primary pot treatments consisted of no additional added P and 120 mg·kg -1 P added. 294
These P concentrations were based on previous experimentation showing that soil with no 295 additional P is insufficient for tomato growth and that soil with 120 mg·kg -1 P added is sufficient. 296
The sub-pot treatments addressed tomato/potato onion intercropping and tomato monoculture in 297 plastic pots (28 cm diameter, 20 cm height) containing 3 kg soil. At the time of tomato 298 transplantation, the potato onion plants were planted, and the tomato:potato onion ratio was 1:3 299 in the intercropping treatment. The experimental design was a randomized complete block 300 design with three replicates. Four treatments were performed in each block, and 4 pots were 301 included in each treatment. In all, there were 16 pots per block and with 3 blocks total, yielding 302 48 pots in all. Each pot was watered with tap water every 3 days to maintain the soil water 303 content at approximately 60% of the water-holding capacity, and the plants were grown in the 304 phytotron as described above. 2007). In a previous experiment, we confirmed that the base soil P content was insufficient for 313 tomato plants (data not shown). 314 P was added as KH 2 PO 4 at 120 ppm for the 120 mg·kg -1 P added treatment, and fertilization 315 with 120 ppm N (in the form of CO(NH 2 ) 2 ) and 120 ppm K (in the form of K 2 SO 4 ) was 316 performed for both the no P added and 120 mg·kg -1 P added treatments; then K 2 SO 4 was used to -13 -balance the K rate for the two P level treatments. Plants were harvested on the 20th day after 318 transplantation, thoroughly washed with distilled water and separated into roots and shoots. The 319 shoots and roots were killed by heating at 105°C for 30 min and then dried at 60°C for 72 h. 320 321
Experiment 2: Tomato/potato onion mixture in foam boxes 322
The same soil and fertilizer management techniques described above were used in this 323 experiment. To provide sufficient space for the plant roots and to reduce harm to the root system 324 when sampling, we employed large foam boxes with an internal volume of 36×25×22 cm as 325 culture pots. Each foam box was filled with 20 kg soil. The experimental design was a 326 randomized complete block design with two replicates, and ten treatments were used in this 327 experiment. The primary pot treatments were no P or 120 mg·kg -1 P added, and the sub-pot 328 treatment consisted of five intercropping combinations: 1) a tomato/potato onion intercropping 329 system, 2) one tomato plant in monoculture, 3) two tomato plants in monoculture, 4) one potato 330 onion in monoculture and 5) two potato onion plants in monoculture. The tomato to potato onion 331 ratio in the intercropping treatment was 1:3. When considering the nutrient balance per each box, 332 the three potato onion plants were viewed as equivalent to one plant. 333
The plants were sampled on the 20th day after transplantation, and root samples were 334 collected using the monolith method, as modified by Li et al. (2006) and Smit et al. (2013) . 335
Briefly, the foam box was cut into vertical sections at 10-cm intervals along the wide side, the 336 soil surface was made as smooth as possible, and the roots were then fixed in each 6×4-cm area 337 with 5 cm nails. Finally, a 6×5×4 cm inner-diameter iron box was used to remove a 5 cm layer of 338 soil from the center of the foam box; the volume of each soil block was 120 cm 3 . There were 30 339 monoliths (5 in a vertical and 6 in a horizontal direction) in each soil profile, and 600 monoliths 340 were sampled in total. Each soil sample was placed in a numbered plastic bag. 341
All of the soil samples were poured onto a sieve (0.2 mm mesh, 30 cm diameter, 5 cm 342 height) and stirred until all of the roots could be freed of soil using very fine tweezers. The sieves 343 were suspended in a large water bath and shaken continuously, and the soil material remaining in 344 the sieves was removed manually. The tomato and potato onion roots were distinguished by 345 differences in color, smell and fibrous roots. Half an hour later, when the sand and vermiculite were almost washed free, the root box was 362 gently removed and the culture medium was thoroughly rinsed from the root surfaces by 363 spraying. Two wooden sticks were run through the 13 networks from two sides, and the wire 364 frame was fixed with plastic grips. Two flashlights were used as a light source when taking 365 photographs. After imaging, the roots between every two grids were cut with a pair of scissors as 366 an individual sample, and the root length of each sample was determined using a root system 367 scanner, which we used to calculate the root percentage. The contour lines are at intervals of 1 cm/12 cm 3 soil volume. 575 under no P added and 120 mg·kg -1 P added treatments. The contour lines are at intervals of 1 g 580 root fresh weight per kilogram fresh soil. 581 
606
P0 represents no P added treatment, P120 represents 120 mg·kg -1 P added treatment. *, **, *** 607 represent sterilization contrasts significant at the 0.05, 0.01, and 0.001 probability levels, 608 respectively. 609
